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Numerous photothermal displacement techniques have been developed· 
[1-5) to obtain both thermal and spectroscopic informat ion about 
substrates and thin films. These techniques rely on interferometry or 
beam deflection phenomena to measure thermal displacements or gradients 
in those displacements. The use of phase microscopy (a small spot 
interferometer) [6-8) to measure surface displacements is advantageous in 
that it allows such displacements to be measured over a diffraction lim-
ited optical spot, typically 1 ~m . In addition, typical arrangements 
provide for both reference and signal beams to reflect from the same 
substrate thereby allowing a near common path and rejection of many major 
noise sources (vibration, air turbulence and thermal fluctuation). 
Phase microscopy has been applied to the measurement of surf ace to-
pography (e.g. [7)) and to thermal properties (e . g. [1, 4, 5)) . In this 
paper, the application of phase microscopy to photothermal spectroscopy 
is described. The advantages of this technique are needed when displace-
ment must be measured over a small spot. Infra-red (IR) spectroscopy of 
single particles of l~m size on a substrate [9), and spectroscopic mapping 
of organic films will be described. 
INFRARED SPECTROSCOPY OF MICRON-SIZED PARTICLES 
Infrared Spectroscopy is a well established and useful technique for 
the characterization of organic materials [10) . However, current imple-
mentations of this spectroscopy do not have adequate spatial resolution 
for the analysis of a small particle on a surface or a micron sized region 
of a thin film (e . g., for FTIR microscopes, greater than about 10~m [11), 
due to the inability to focus the IR radiat ion to diameters less than the 
wavelength). Such capability would be quite useful, for example, in the 
integrated circuit industry, where identification of organic micro-
contaminants is an important problem. 
Photothermal techniques are advantageous here because the thermal 
response of a particle is enhanced over the substrate, due to the re-
stricted heat conductance of a particle to the surrounding media, and its 
small thermal mass [12, 13). In addition, photothermal absorption is su-
perior to a reflectionjtransmission technique in the analysis of weakly 
absorbing or dilute systems (e.g., a small particle on a surface) in that 
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one measures only a small signal, rather than a small signal superimposed 
on a large and usually noisy signal. 
Theoretical Considerations 
A photothermal displacement may be approximately described by [2]: 
(1) 
where a is the thermal expansion coefficient of the material, AT is the 
average temperature modulation (thermal response) over an effective length 
function, Leff' dependent on the thermal diffusion length, the optical 
absorption length, the interferometer spot separation, the depth of the 
absorber below the surface, the absorber size and the elastic properties 
of the material. 
A simple analysis of the thermal response of a particle to a modulated 
heat source is found by Utterback [12, 13] to be: 
(PolO) 
AT = (1 + iwpCV 10) exp(iwt) (2) 
where Po ' p, V and Care the power absorbed by the partic1e, the density, 
the volume and the heat capacity of the partic1e respectively. O is the 
conductivity to the surrounding media, found experimentally to be propor-
tional to the particle radius, R. The power absorbed by a small particle 
is approximately proportional to aIoV , where a is the wavelength depend-
ent absorption coefficient of the material and 10 the incident IR inten-
sity [14]. Leff is approximately equal to the particle radius. These 
results show that photothermal displacement response of a particle does 
not roll off until large frequencies are reached (a consequence of the 
thermal response, Eq. 2). The dependence of the magnitude of the signal 
on particle size is given through Po ' G and Leff as R3. 
For substrate materials, the thermal response (average within a dif-
fus ion length of the surface) wil1 vary as ~ or W depending on whether 
the substrate is strongly or weakly absorbing [15]. Additional frequency 
dependence may enter through Leff (e.g., for a strongly absorbing 
substrate when the spot separation is large, Leff is approximately equal 
to ~, the thermal diffusion length, which also var ies as ~). 
Since the phase microscope measures displacement over a 1 ~m spot, 
we consider the particle under study in the simplest approximation to be 
a cylindrical slab of material, larger the the spot size (this crude model 
is found to hold down to particles of dimension equal to the spot size). 
The phase signal arising from the thermal expansion of the particle has 
two components. One from light reflected by the particle, which is given 
by 
and a second component by light transmitted through the particle to be 
reflected by the substrate and given by 
d~tldT = -2kh{~(1- n) - dnldT] 
(3) 
(4) 
where ~ is the measured phase, h the height of the slab, k the wavenumber 
of the interferometer beam, and n the refractive index of the material. 
The change in refractive index with respect to temperature may be approx-
imated by considering this to be entirely due to thermal expansion [16] 
(reasonable for most organics), giving for the phase change due to trans-
mission, 
-kh{~(n+2 - 3In)] (5) 
Note that the function of refractive index in parentheses is always posi-
tive for n greater than 1. Since both these terms are of the same sign 
(and similar magnitude for typical organics, about 10-4 ), no further con-
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sideratian will be given as ta the arigin .of the measured phase madulatian 
due ta thermal expansian .of the particle. 
Experimental Configurat ion 
The particle under study is illuminated with a tunable chapped IR 
beam (the pump beam), while the thermal expansian .of the particle is man-
itared with a phase sensitive micrascape. One such micrascape, based an 
the heteradyne design .of Jungerman (withaut scanning) [7], has been de-
scribed previausly [9]. This design allawed a diffractian limited spat 
(2 ~m in this case). with a sensitivity .of 3~R/IHi:, equivalent ta a path 
length difference .of 3 x 10-3Â/IHi:. Laser amplitude and phase fluctuatians 
were the predaminant naise saurce. A secand phase micrascape was built, 
based an the hamadyne design .of Heinrich ([17, 18]) in which a Shat naise 
Iimited (abave 1 KHz) sensitivity .of 0.05~R/1Hi: is achieved, equivalent 
ta a path length difference .of 5 x 1O-5Â/IHi:. 
The experimental system is shawn in Fig. 1, and functians as fallaws. 
Linearly palarized light (633nm, 8mW) fram a HeNe laser passes thraugh the 
first palarizing beam splitter (PBS), is ratated 45° by a Faraday cell, 
and passes thraugh a secand PBS (ariented 45° ta the first). This cambi-
natian acts as bath aptical isalatar and analyzer. The beam is expanded, 
and a law divergence Wallastan prism is ariented ta split the beam inta 
twa diverging arthaganal palarizatians. A micrascape abjective (N.A. 
0 . 30) facuses bath beams anta the substrate with approximateIy 25 ~m lat-
eral separatian. One beam acts the reference, while the ather is the 
signal beam, facused anta the particle under study. The reflected beams 
praceed back thraugh the aptical system. The Wallastan prism is adjusted 
laterally ta cause a 90° phase difference sa that the returning beam is 
circularly palarized. The PBS-Faraday-PBS cambinatian naw directs ane 
palarizatian (45° ta Wallastan prism) ta detectar 1 and the arthaganal 
palarizatian ta detectar 2. The intensity difference between the signals 
at the twa detectars carrespands ta the phase difference between the sig-
nai and reference beams. 
PBS(45 deg) 
Beam Exp 
Wollaston 
Obiective 
"" Faraday PBS HeNe Laser 
I 
I 
t Det 2 
r--C:::J 
Phase signal 
Chopper C02 Laser 
Sample 
O~-B--,----I -----' 
eec.-:::- Obiective 
Figure 1. Experimental system cansisting .of phase micrascape and IR 
pump laser. 
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The IR source is a C02 laser, line tunable over the wavelength range 
9 to ll~m in four bands. Only a few milliwatts of power are needed, but 
the high brightness of the laser allows a power density of a few hundred 
watts per square centimeter. The IR pump beam is expanded, mechanically 
chopped, and directed through a reflecting objective (N.A. 0.28) to focus 
on the particle, at 62° off-normal incidence. Low angles of incidence are 
advantageous as a standing-wave maximum can be produced at the substrate 
surface, rather than a node, as occurs with normal incidence. The signal 
from the difference amplifier is detected by a lock-in amplifier. 
Spectral Data 
The identification of organic particle contaminat ion is a difficult 
problem, of particular interest to the semiconductor industry. Fig 2. 
shows the IR spectrum of a 3~m diameter polystyrene sphere on an Al line 
(10~m) of an integrated circuit. A reference spectrum of a polystyrene 
film is shown also [10]. Agreement between the reference and that obtained 
from the particle is quite good. 
Fig. 3 shows the spectrum of a glass particle (about 2 ~m) on a Si 
substrate (and 8i02 reference [19]). While the general shape of the broad 
absorption peak is correct, the spectrum exhibits saturation ne ar the peak 
due to the strong absorption of Si02 in this wavelength range. In addi-
tion, interference ripple in the spectrum (especially in the low 
absorbance region) is observed due to multiple reflections of the IR pump 
beam in the Si substrate. 
As discussed previously, signal strength is predicted to depend on 
the volume of the particle (R 3 ), for particle sizes as small the 
interferometer beam size. This was found to be true down to l~m diameter 
spheres (polystyrene). For a 1 pm diameter polystyrene sphere, a 45dB/~ 
signal to noise ratio was obtained at 1027/cm where a is 150/cm, and 10 
is 100W/cm2 (1 mW in a 35~m diameter beam). For polystyrene spheres 
smaller than 1 ~m the signal begins to drop as R~ and finally RS . One 
expects that when the particle is sma1ler than the interferometer beam and 
additional factor of R2 will be observed due to reduction in the area of 
the beam occupied by the particle. Fig. 4 shows the spectrum of a O.Spm 
diameter polystyrene sphere (65 femto-grams). 
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Figure 2. Spectrum of a 3~m polystyrene sphere on an Al le line. 
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Figure 4. IR spectrum of a O.Svm polystyrene sphere on a Au film on 
Si substrate. 
Substrate Response and Suppression 
One of the advantages of the photothermal technique is that as a 
function of modulat ion frequency, the response of the particle does not 
roll off until high frequencies are reached, while the response of 
substrate materials are expected to falI at least as fast as IWI. In Fig. 
5 the frequency response of two different substrates (Au on Si02 and Au 
on bulk polyimide) are compared to that of a few micron SiC particle . The 
Au film is only a severa1 hundred angstroms thick and is emp10yed to obtain 
a reasonab1e ref1ection from the substrate materials, and to simp1ify 
theoretica1 calcu1ation by caus ing alI the pump radiation to be absorbed 
at the surface. While the particIp- shows the expected theoretical re-
sponse, the substrate responses also f1atten out at low frequencies . This 
is due to the fact that a differentia1 measurement is made, and when 
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thermal diffusion lengths approach the spacing of the interferometer spots 
(40 vm in this case), the measured phase difference does not increase as 
quickly. A theoretical curve for an 8i02 substrate was calculated using 
the theory of Olmstead et. al.[2], and is found to agree reasonably well 
with that measured. By mov ing the reference and signal spots of the phase 
microscope closer together the response of the substrate can be truncated 
more strongly at low frequencies. Thus one may suppress the substrate 
response either by modulating at high frequencies (at the knee of the 
particle response) or by taking advantage of the differential nature of 
the measurement to truncate the substrate response at lower frequencies 
(e.g. within the range of a mechanical chopper). 
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Figure 5. Photothermal response as a function of frequency for two 
substrates, 8i02 and polyimide and a few micron SiC 
particle, along with a theoretical calculation [2] of the 
response of 8i02 due to the differential nature of the 
measurement. 
Finally, one may consider whether substrate signal suppression is 
great enough to obtain the spectrum of a particle on an organic film. For 
this case, the reference and signal spots of the interferometer were moved 
closer together so that they overlapped by a beam radius (using a Nomarski 
prism). In this way the differential nature of the measurement is maxi-
mized . Fig. 6 shows a 2vm polystyrene sphere on a substrate consisting 
of 1vm of polyimide on a Cr film on 8i. A reference spectrum was generated 
by combining the absorption coefficient for polystyrene with that of 
polyimide in a ratio of 2.5 to 1. The spectrum clearly shows peaks due 
to both polystyrene and polyimide. The total volume of polyimide illumi-
nated by the IR pump beam is 1000vm 3 while that of polystyrene is approx-
imately 4vm 3 • Thus the expected substrate response is reduced by a factor 
of 600. 
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consisting of llIm of po1yimide on a Cr film on Si . 
SPECTROSCOPIC MAPPING OF ORGANIC FILMS 
The phase microscope may a1so be used to map absorption in organic 
fi1ms. By operat ing in a differentia1 mode one may map spectroscopic ab-
sorption differences in the ne ar fie1d 1i mit[20], thereby obtaining re-
solution greater than either the therma1 or IR wave1engths emp10yed. By 
scanning the samp1e stage, a map of absorption may be made at a number of 
wave1engths. Difficu1ties may arise due to variation in therma1 or elas-
tic properties which may be minimized to some extent by dividing by a 
neutra1 wave1ength. A pair of photothermal absorption maps is shown in 
Fig. 7. 
Figure 7. Single wavelength (left 1027/cm, right 1080/cm ) absorption 
maps of a 21Im po1ystyrene particle on a polyimide film. 
Map dimensions, 20 by 20 lIm. 
1209 
The left map is at the peak absorption of polystyrene, while the right 
is at the peak absorption of polyimide. The maps are somewhat difficult 
to interpret due to variations in the thermal response of the particle 
versus the film, and changes in the operat ing point of the interferometer 
due to surface topography . The IR pump beam is incident from the left of 
the picture, and the particle appears to cause a near-field shadowing in 
map at the polyimide absorption peak. This technique is one of ongoing 
research. 
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